Distributed generation currently has caused an increase in the installation or renewable energy generation resources near the consumption centers and the ability to operate in the event of a failure of the interconnected system in isolation mode. However, this type of generation and operation has not progressed significantly in Colombia due to the lack of financial mechanisms. This paper presents a model in System Dynamics that proposes a mechanism for the promotion of distributed resources by including regulatory incentives known as Renewable Energy Premium Tariff and incentives for providing technical support for the distribution and transmission system. Proposed mechanisms help to promote the use of renewable energy in Colombia and further enhance the tools so that grid operators can avoid accidental disconnection.
Introduction
Microgrids (µG) allow the integration of new power generation technologies in distribution networks, presenting operational advantages such as injection of active and reactive power at different points in the distribution network, by converting distribution networks into active nets [1] .
This new mode of operation ensures cleaner energy production at a relatively low cost, and with technical benefits associated with the local reliability, improved quality, security of supply by reduced outages, and reduced emissions by the use of renewable resources [2, 3] .
According to [4] , µG are smart grids of low and/or medium voltage (LV/MV), which include various types of renewable sources such as distributed resources DR and loads connected near the DR. Which operate connected in parallel with the distribution network or when there is some maintenance or emergencies, they have the ability to work autonomously or isolated. However, unplanned operation of the DR in isolated µG presents problems in voltages and frequency of the µG, causing failures in elements connected to it and increasing the µG losses, resulting in reductions of quality rates and reliability, which increases the probability of generating a blackout widespread in the µG and in the distribution system [5] .
Correct planning of the µG increases resilience in the operation of the distribution system, preventing current demand disconnections, decreased quality index and security of supply due to random events like atmospheric discharges among others [6, 7] .
For the integration of the µG in a deregulated system it is necessary to implement economic mechanisms that promote the correct integration of the DR and active demand response programs to provide technical operation and a market dynamic in the µG [8] .
This integration should guarantee a sustainable supply of energy for the growing demand at a relatively low cost, taking into account the location, technologies used and dimensions of the DR [2] . Additionally, the costs incurred in the integration of the DR and the operation of the µG should be considered, as investment costs or Capital Expenditures (CAPEX) and operation and maintenance costs or Operational Expenditures (OPEX) to determine the actual economic benefit, by conducting an analysis of the income of the operation by µG [9, 10] .
The aim of this paper is to determine through economic mechanisms the promotion of µG operation under the conditions of distribution network in the Caldas, Quindío and Risaralda (CQR) areas, considering DR and a reduction in peak demand. There are mechanisms that facilitate the adaptation of the DR and demand in market dynamics, reducing long-term costs, user's tariff and the losses in the transmission and distribution systems which imply long-term postponement of investments in infrastructure [11, 12] .
It is important to consider that the technical operation and economic and market behavior depend on the dynamics of the µG itself and the optimal integration of the DR and the demand response programs [6, 8] . However, one must consider that each µG has specific characteristics depending on the geographic location, the primary source of generation, implemented technologies and behavior of the demand [4] .
It is proposed to analyze the possibility of implementing a µG in the CQR area of the Colombian electric power system (EPS), which is characterized by the use of Small Hydroelectric Plants (SHPs) owing to the large quantity and great hydro potential of rivers with high waterfalls in this area, a product of the Andes Mountains which cover this region [13] , using a simulation model in System Dynamics (SD) to analyze long-term contribution of support services and economic mechanisms such as the Renewable Energy Premium Tariff (RPT) to determine the behavior and growth of the operation by µG. The most important contribution of this research is the analysis of investment in µG, combining the benefits inherent in the implementation of the µG to the distribution network and the transmission, and implementing economic mechanisms that facilitate the participation of DR and demand response program in providing reliability and security of supply. This paper is structured as follows: in Section II a model of the diffusion of µG in SD and an analysis of different features for its implementation are presented, taking into account the income and costs incurred in this type of operation. In Section III the results are presented of the simulations carried out using the diffusion model in different scenarios. Finally, the conclusions are described in Section IV.
System Dynamics
System Dynamics (SD) is the methodology used to analyze the dynamic behavior of economic mechanisms in the diffusion µG model [14] . SD is based on a group of elements constantly interacting with one another with the aim of finding the structural causes that bring about the behavior of the system being analyzed [15] . The models are composed of differential equations that are resolved using numerical integrations [16] . The standard system dynamics approach to modeling starts by establishing the feedback and delays in the system to be investigated, followed by a stock and flow diagram, and finally the formal equations, which are differential equations. This formalization allows the system to be simulated. For a detailed description and discussion of system dynamics modeling, formalization, and verification see Sterman [14] .
The model is characterized by the conditions of the CQR area, and is used for the planning of the µG type with SHPs. The proposed planning model can be used for decisionmaking, taking into account not only the criterion of the lowest cost, but also including new evaluation criteria such as profitability [17] and technical support for the safe operation of the µG. 
Causal diagram
The causal diagram or feedback diagram shown in Fig. 1 shows the causal relationships between the main variables of the system and the relationships that allow us to study the dynamics of the µG.
The causal diagram consists of three positive cycles, which are associated with the benefits accompanying the operation by the µG system. First, the contribution to the distribution system is associated with the reduction of peak demand on the EPS seen from centralized generators by reducing demand fluctuations, because the DR provides energy directly to the consumer centers, ensuring a constant supply to users who are connected to the µG operating in isolation, and decreasing the levels of non-delivered energy and reducing blackouts that may occur. Therefore, this condition has economic rewards [18] .
Likewise, the operation by µG increases resilience in the operation of electric power systems, associated with the ability to expand by taking into account alternative and renewable generation, adaptation to different geographical locations, control strategies for centralized coordination between the substations and control centers, support for multiple markets, and connection or disconnection of DR and loads [19] .
The reduction in costs has a delay, shown in Fig.1 by "=", because methodologies are used to quantify the behavior patterns of the cost in time by one of the most common techniques, known as learning curves.
The diagram in Fig. 1 shows how the operation of an isolated µG enhance the level of investment in the operation by µG, increasing the capacity of an isolated operation of µG in supporting both the distribution and the transmission system
Formulation of the simulation model
The causal diagram shown in Fig. 1 translates to a formal diagram which provides a detailed analysis of the variables of the model in specialized software [16] . The model is composed of level variable, which accumulate system information and present relationship changes due to the relation flow rates, which determines changes in the system and allows dynamic behavior to occur [20, 21] .
The simulation model consists of the level variables associated with increases in the operation by µG; these variables are associated with the growth rate of the µG related to the level of investment or profitability.
Distribution system benefits
The growth in demand leads to file system failures, power outages and rising electricity prices [18] . Also, the prediction of behavior of the demand presents difficulties and complexities to determine it and limits the data for implementing the methodologies, which hinders the making of operational decisions and strategies regarding behavior and growth [22] . However, the presence of DR in the µG operation can reduce peak demand (seen from the distribution system), extending the useful life of distribution assets. In general, DR is dispatch continuously, i.e., is not intermittently, which ensures that the reduction occurs at peak demand [18] .
This reduction in peak demand directly influences security of supply by improving the reliability of µG by the contribution of the DR installed close to the demand; in this case, µG can reduce the indices of duration and frequency of the interruptions experienced by users connected to the µG [18] . These indices are SAIFI and SAIDI and are represented in (1) and (2), respectively.
(1)
Where N i is the number of users affected by each interruption, determined by making an annual analysis of them using the data of the system operator [23] , N T is the total number of users connected to the µG, and r i is the duration of interruptions submitted annually.
Equation (3) expresses the energy that is not delivered due to the reliability indices (adapted from [18] ).
In the case of an isolated µG, sufficient dispatchable generation should be ensured to accommodate variations in demand [18] . However, for the model a reduction in peak demand is assumed, so that the reliability indices SAIFI and SAIDI are improved and ensure security of supply to the µG [19] . In Colombia, if the percentage of non-delivered energy exceeds 2%, a detailed analysis must be performed of the situation that caused the partial or total unavailability and what occurred in a scheduled or unscheduled manner [24] .
Transmission system benefits
The existing EPS were designed for centralized generation, which is increasingly challenged by the negative effect it causes in the environment. In addition, centralized generation does not, in case of a failure, continue to operate in subsections or operational areas in order to avoid disconnection of the end user. Smart grids allow operation in an intentional island mode or operational area through the creation of a µG [1, 4] .
The operating philosophy from this point of view is based on a process of restoration where the main objective is to achieve total EPS interconnection in the shortest time possible. With the inclusion of smart grids the key concept should be to prevent the end user from experiencing an interrupted supply of electricity. The term that relates to noninterruption of electricity in case of a failure in EPS is selfhealing and is related to the possibility that restoration process may be performed using multiple distribution networks with active acquisition systems. Real-time data can be synchronized and thus ensure security of supply to the end user [25] .
In the future, a fast self-healing capability will enable the electric power system to operate as multiple islands intentional at any voltage level and thus avoid costly blackouts. The customer plays a key role in creating stable electrical islands because success in creating electrical islands is based on the proper management and control of loads.
Such controllable loads must be connected in active distribution networks, which should make changes to the mode of operation such as the inclusion of DR that causes bidirectional flows, which must be measured and controlled in real time by checking constraints.
Such constraints relate to the need to maintain the frequency and voltage within allowable values in the operating of multi µG which may form in the distribution system, and which will assist in strategy through strategic modules created by the operator of the national power system, who will be able to start large generation plants and restore the interconnection and unity of the overall power system (bulk power system).
Economic Mechanisms
The decision criterion on which μR is implemented depends on regulatory conditions prevailing in Colombia concerning the issue of μG. Currently, distributing agents in Colombia can have generation assets [26] ; for this reason, if the regulatory conditions do not change, the implementation of μG is governed by a monopoly model of distributing agents.
In a monopoly model, the μR is built primarily to address problems of electrical power quality or to postpone expansions in the distribution network given the compensation of reactive power that can deliver the μG [27] . Therefore, in a monopoly model the technical conditions are a bonus because the current regulations do not allow them to have a unique local market for μG that could compete with the wholesale market [26] .
Also in the monopoly model, the active integration of demand is not a priority because the broker-dealer would have to implement differential rates, and income could be reduced if the customer could choose between buying local energy or μG from the wholesale energy market [28] .
The diagram shows that the integration and operation of the µG increases the level of investment in this technology, as it increases the ability of the DR and the active participation of demand to ensure the reduction in peak consumption. This investment will reduce costs over a period of time, as mentioned above, by learning curves.
To encourage renewable energy penetration in developing countries it is necessary to implement a scheme that is financially and technically sustainable in the long term and which requires minimal intervention from governments or regulations [11, 29] .
Traditional schemes have been "tropicalized" to analyze the behavior and possible integration in developing countries. For this we have proposed the implementation of a sustainable scheme called: Renewable Energy Premium Tariff (RPT) [11, [29] [30] [31] [32] .
This scheme includes demand as a major player in the energy market and especially for the financial support and to ensure the sustainability of the scheme of the growth of the DR, representing a change in the price elasticity before the acceptance of this change in technologies [11] . This mechanism is developed around the Feed-in-Tariff (FIT) with local adaptations that depend on technological, socioeconomic development and on the operation of isolated µG [32] . The implementation of RPT is not intended to finance capital investments in renewable energy projects, as would be the case of FIT. The aim is to ensure high levels of performance because the payments are based on power generated. The RPT was designed to provide a cost-benefit mechanism, designed to introduce renewable energy technologies in isolated µG and provide sustainable, affordable electricity to the users connected to it [31] . In [32] the equation for income as shown in (3) is defined.
(3) Income User tariff RPT  
However, the proposal of this work and other sustainable options is to consider the support services that operation by µG can provide to the distribution and transmission system. The equation that describes the behavior of the proposed economic mechanisms which benefit from the operation by µG is defined in (4).
  (4) Income User tariff RPT Support services   
Where User tariff is the rate that the user pays for the service of electricity, the rate for the Colombian case can be compared to the price paid by users in Non-Interconnected Areas (ZNI), defined by Resolution CREG 091 of 2007 [33] , defined in (5).
Where G m is the maximum available capacity charge, p is the losses in the system, D mn is the charge for use of the distribution system and C m is the marketing fee. These data are defined in [33] . Support services are the benefits that lend µG for both the distribution system and the transmission system, the latter being an incentive for both µG and for the EPS and the price RPT is recognized by the government and uses the example of the prices recognized by FIT Ecuador for different technologies shown in Table 1 [31] . [34, 35] . The cost of DR is reduced, as mentioned above, due to new technologies, programs of asset management and scheduled maintenance, also investment would be conditioned by the profitability of the plant and the ratio of income to support costs of the operation of the µG.
The costs that are included in the simulation model are defined as CAPEX, known as investment costs associated with installing plants, taking into account the rate defined by the CREG using a calculation method known as the Weighted Average Cost of Capital (WACC). This method aims to remunerate shareholders' investments in the same way that a company functioning efficiently in a sector characterized by comparable risk would be remunerated [23] , as is shown in (6) . CAPEX have a similar behavior pattern to that of a learning curve, meaning that CAPEX are reduced over time owing to the fact that it becomes increasingly easier to implement DR due to new experience gained on each project.
 
_ cos 1
The learning rate of SHPs in the world is very low (1.4%), mainly because it is considered a technology that has not changed in the last 50 years [36] . However, this theory must be staked to the topic of smart grids and the possibility of functioning in an interconnected network and a grid with acceptable levels of quality, reliability and security of supply.
Profitability
In this research we propose µG operation for a distribution sub-network in Colombia -CQR zone; the final decision of the alternative selected operation must consider: reliability, quality indices, benefit/cost, among others. Regardless of the selection, the operation of the studied µG shows good technical performance and system variables remain within acceptable ranges of operation; thus it appears that this type of operation is feasible.
The analysis of profitability in the implementation model of economic mechanisms, as mentioned in section 3), determines the level of investment for expansion of the µG operation. The profitability depends on the relationship between income and the economic mechanisms, considering RPT rates and benefits for system support, to ensure sustainability in the operation by µG and costs incurred through investment, operation and maintenance of the operation by µG, discussed in Section 4). Equation (7) determines the profitability of the investment.
Where income that is associated with equation (4) and the CAPEX defined in equation (6) and OPEX are defined in [23] . 
Simulations and results
The model was constructed to analyze the economic mechanisms to promote DR in the operation of such a µG island in Colombia. It implements the RPT and additionally proposes the integration of availability payment for the provision of services of support of the EPS.
The model evaluation is defined by the following stages, as shown in Table 2 .
To analyze the diffusion rate of the operation by μG in the CQR area, which has DR as the SHPs, we must assess growth in the μG operation in the area. The value that is allocated for support services is equal to the value of the single supplementary service available in Colombia, the AGC service, since it is considered that the isolated μG operation helps in providing these support services, enabling the distribution system to be active and to support the needs of transmission systems and large centralized generators.
Case 1:
In Case 1, the simulation is performed taking into account the fee paid by users, defined from CREG Resolution 091 of 2007 [33] , the RPT taken from Table I for the SHPs [31] and payment for service support for island operation capability. Fig. 2 shows that in 20 years the rate of diffusion only reaches 100% in the 16 th year, taking into account what is paid to the μG a payment for availability of island operation. For the 10th year profitability, under a cost-benefit ratio analysis, is greater than 1, having implications for investors due to the coverage of costs incurred and a return on investment that favors the spread of the μG operation and ensures long-term sustainability. 
Case 2 and case 3:
In case 2, it is proposed to implement, in addition to the rates of the users [33] , the RPT [31] and an availability payment for the provision of support to the distribution network, defined in section II B. 1, and an additional payment for island operation.
In the last case, case 3, it is proposed to implement, in addition to the rates of the users [33] and the RPT [31] , a payment for additional availability to provide support services to the transmission network, as expressed in section II B. 2, also maintaining the availability payment for the distribution system and the ability of isolated operation.
Diffusion behavior shown in Fig. 3 presents an improvement over Case 1 because, in the 20 years analyzed in this model, the diffusion reaches 100% in the 13 th year, which implies a favorable investment. Payment for support service being provided to the system increases from year 11, because it starts to compensate when 33% of the DR projected is operating in μG, so that at the beginning of the operation the behavior of the diffusion is similar to Case 1.
Adding the payment for availability to support the transmission system and, conjugated with the support to the Figura. 4. Profitability -μG Operation. Case 2 and Case 3. Source: The authors distribution network, the rate of diffusion of the operation by µG in the Colombian system is feasible.
However, technical studies should be conducted to avoid saturation of the system and ensure that the DR system is integrated to provide the support services properly and adequately. Additionally, demand should be considered as an active agent that participates in the market and that has great advantages for the operation of EPS.
Profitability
Case 2 and Case 3 have similar behavior; however, the profitability of the two cases is shown in Fig. 4 and shows what occurs when applying the two types of incentives. Fig. 4 shows that the profitability increases significantly from the moment you start paying support services for the distribution and transmission network, making this type of operation competitive and ensuring a return on investment. These mechanisms are intended to be sustainable in the long term because the payment is to help the EPS to stay within operating limits, increasing the security of supply and maintaining the reliability and quality indices. However, technical analysis should be performed to ensure the above conditions.
Conclusions
This article proposes using the µG as a form of operation that brings benefits to the EPS, with the ability to provide support services through an economic evaluation using mechanisms that allow penetration and growth of the operation by µG, including the RPT which is known worldwide, and an availability payment to provide support services for the distribution and transmission system. Implementation of economic mechanisms such as RPT has benefits for the investor, taking into account that it ensures the long-term cash flow, decreasing the investment risk. However, one must consider the conditions of the region, such as its geographical and climatic characteristics, as the payment to cover the costs for RPT is a guarantee for the investor and reduces investment risk. The successful implementation of support services proposed in the paper is based on a strong policy that covers all the specific characteristics of the µG and a regulatory framework, to eliminate the barriers associated with the implementation of the µG, DR and renewable energy.
To provide ancillary or support services using µG is a regulatory challenge for Colombia since it would have to modify procedural aspects and invest in modern equipment measurement and control. Furthermore, the issue should be regulated to remunerate the demand participation to convert it into a stable demand in the long term, as this would allow deferrals in the investment of expansion of the generation and networks of transmission and distribution of the EPS. The active participation of demand allows better use of generation resources through voluntary shedding of the demand. Furthermore, demand in a µG with measurement and control equipment with telemetry can provide specific support services as tertiary control frequency and voltage control; in this way, it would increase the reliability and optimize the utilization of the resources of the µG.
The operation by μG in Colombia does not have a regulatory policy that encourages this operation, so investors will continue to build SHPs with conventional control systems that do not allow island mode operation and therefore, are missing the opportunity to have a resilience EPS and higher rates of security of the supply of electricity.
For the Colombian EPS to increase resilience, stability and security of supply, it is necessary to promote, implement and regulate the operation form of μG and thus modernize the operation of the EPS and achieve multiple benefits (technical, economic, environmental and social) for all those involved in the electric supply chain.
